Quantum annealing is an optimization technique which potentially leverages quantum tunneling to enhance computational performance. Existing quantum annealers use superconducting flux qubits with short coherence times, limited primarily by the use of large persistent currents Ip. Here, we examine an alternative approach, using qubits with smaller Ip and longer coherence times. We demonstrate tunable coupling, a basic building block for quantum annealing, between two flux qubits with small (∼ 50 nA) persistent currents. Furthermore, we characterize qubit coherence as a function of coupler setting and investigate the effect of flux noise in the coupler loop on qubit coherence. Our results provide insight into the available design space for next-generation quantum annealers with improved coherence.
I. INTRODUCTION
Quantum annealing [1] [2] [3] [4] is a heuristic technique for finding the low energy configurations of complicated Ising models. It has received considerable interest as a potential new computing paradigm for solving classical optimization problems [5] , which are important for a wide range of applications in science and industry. Existing quantum annealers, despite rapid progress in system size and intensive efforts to benchmark performance, have yet to demonstrate improved scaling over classical methods [6] [7] [8] [9] [10] [11] [12] [13] [14] . While continued efforts to scale and improve existing quantum annealing architectures will provide a clearer picture of their potential capabilities, it is also worthwhile to consider their limitations and explore alternative approaches which may be more amenable to quantum-enhanced performance.
Commercial quantum annealers, developed by D-Wave Systems, are based on niobium flux qubits with relatively short coherence times and are designed to implement stoquastic Hamiltonians [15] with pairwise Ising couplings limited to a "Chimera" connectivity graph [16, 17] . Experience with the D-Wave platform suggests that it could benefit from higher connectivity, increased precision in setting parameters, and greater control over the annealing schedule. In addition, increased qubit coherence, non-stoquastic Hamiltonians, and multi-qubit interactions [18] may also be instrumental in achieving quantum-enhanced performance. In this work, we focus on the challenge of improving the coherence of coupled qubits in a quantum annealer.
Superconducting flux qubits [19, 20] are well-suited to quantum annealing, because they can be used to approximately realize the transverse Ising model Hamiltonian
, where ̵ h i and * steven.weber@ll.mit.edu † oliver@ll.mit.edu ‡ ajkerman@ll.mit.edu ̵ h∆ i play the roles of the Zeeman energies due to the z and x components of the local field seen by the i th spin, and J ij is the Ising interaction between spins i and j. Here, the two eigenstates of the Pauli operatorσ z i correspond to "persistent current" states of qubit i, which can be viewed as clockwise and counter-clockwise currents of magnitude I p circulating around the qubit loop. For a quantum annealing device based on the Transverse Ising model, the parameters i and J ij are used to encode a classical problem, while nonzero ∆ i are the source of the quantum fluctuations which drive the annealing process. In general, all of these parameters must be tunable. In a flux qubit-based implementation, a coupler mediates an interaction between qubits i and j, and the parameters i , ∆ i , and J ij are tunable via local magnetic flux biases.
The coupler elements [18, 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] are themselves also flux qubits, though operated in a regime where they can be described as a simple flux-tunable effective inductance L eff . In this language, the coupling energy between two qubits, each with persistent current I p and mutual inductance M with the coupler, is given by J = I 2 p M 2 L eff . The quantity 1 L eff is also referred to as the coupler susceptibility [28] .
The most significant design parameter to affect the coherence of a quantum annealer is the choice of I p . Flux qubits with large persistent current have a naturally strong coupling, as J ∝ I 2 p , but their coherence times are severely limited by flux noise: their sensitivity to flux noise is proportional to I p and can limit both the energy relaxation time and the dephasing time [32, 33] , which for 1 f flux noise roughly scale as 1 I 2 p and 1 I p , respectively. In the D-Wave system, the qubits are designed with large persistent currents I p ∼ 3 µA [16] in order to achieve large coupling strength with modest values of coupler susceptibility and M . In contrast, we recently demonstrated that it is possible to produce robust, long-lived flux qubits with small persistent currents I p ∼ 50 nA [32] . In order to realize strong coupling between qubits with small I p , it is necessary to compensate by increasing either M or the coupler susceptibility. Although this approach increases the qubit's sensitivity to flux noise in the coupler loop and requires more precise control over the coupler flux bias, it nevertheless allows for a significant improvement in qubit coherence.
In this work, we demonstrate tunable coupling between qubits with persistent currents reduced by nearly two orders of magnitude compared to existing quantum annealers. While coupled flux qubits with low persistent currents have been previously demonstrated [24] , no work to date has investigated the implications that this design choice has on qubit coherence for quantum annealing. We present, for the first time, a systematic study of the coherence of coupled flux qubits in the context of quantum annealing. In particular, we investigate the effect of flux noise in the coupler loop on qubit coherence. Our results are in good agreement with simulations based on the full Hamiltonian of the coupled qubit system, as well as a semi-classical model. This work serves as a proofof-principle and provides a framework for evaluating coherence in future quantum annealing architectures.
II. EXPERIMENTAL SETUP
A circuit diagram of our coupled qubit device is shown in Figure 1a . Two capacitively shunted three-junction flux qubits, Qubit A and Qubit B, are each galvanically coupled to an rf-SQUID coupler via a shared inductance of M = 34 pH, as shown in Figures 1b-d . The devices are controlled by the externally applied magnetic fluxes Φ A , Φ B , and Φ C . For simplicity, our experiments use qubits with a single superconducting loop, instead of the multi-loop qubits that are required for independent ∆ tunability. We characterize the qubits using standard dispersive measurements [34] , with each qubit coupled to a separate readout resonator which is probed through a shared transmission line.
The transition frequency between the coupler groundand first-excited state ω 01 C 2π was designed to be ∼ 20 GHz, which is significantly larger than the qubit transition frequencies at ∼ 5 GHz. Therefore, the coupled qubit system can be described by the approximate low-energy [26] , where
The effective parameters i , ∆ i , and J are not only determined by the circuit parameters of the individual qubits and coupler, but also by their couplings, and can depend on all three flux biases. For each qubit, the degeneracy point is defined as the bias where i = 0. A table of device parameters can be found in Appendix A. The qubits were designed with shunt capacitance C sh = 50 fF, loop inductance L q = 110 pH, and I p = 45 nA. All device components were patterned from a high-quality evaporated aluminum film on a high-resistivity silicon wafer, except for the superconducting loops and Josephson junctions, which were deposited using double-angle evaporation of aluminum [32] . Spectroscopy plots showing the energy difference between the ground and first excited state for Qubit A and Qubit B are shown in Fig GHz. Figure 2c shows how the transition frequency of Qubit B depends on the coupler bias. This dependence originates from the circulating current in the coupler loop ⟨I C ⟩, which couples to the qubit through the shared inductance M . Thus, the coupler induces an offset flux in the qubit loop, which shifts the effective qubit bias as indicated by the dashed line in Figure 2b . Treating the interaction classically, the offset flux is given by δf B = M ⟨I C ⟩ Φ 0 . Assuming that the coupler remains in its ground state, ⟨I C ⟩ and L eff are related to the coupler ground state energy E
By fitting our results to theory we extract the rf-SQUID coupler loop inductance L C = 470 pH and junction critical current I coupler parameters they range from -700 to 700 nA and 1 (1070 pH) to 1 (−48 pH), respectively. Note that the slope of ⟨I C ⟩ with respect to flux determines the sign of L eff and, thus, the sign of J. Therefore, Figure 2c can be seen as a map of the regions of anti-ferromagnetic (J > 0), ferromagnetic (J < 0), and zero coupling.
III. COUPLING STRENGTH
Two-qubit coupling is shown in Figure 3 , focusing primarily on the ferromagnetic coupling regime. Panels (af) show spectroscopy of both qubits as the transition frequency of Qubit A is tuned through resonance with that of Qubit B, which is held at a fixed bias. When the qubits are resonant their levels hybridize and split in frequency by 2 J , shown here for three coupler biases corresponding to different values of coupling strength J. Panel (g) shows the qubit frequencies for maximal coupling, as f A is tuned over a much larger range. At this coupler bias, we measure a maximal coupling strength of J 2π = 94 MHz. From this measurement and our exper- imental bound on the minimum coupling (see Appendix E), we place a lower bound of 425 on the coupler on/off ratio. Finally, panel (h) shows the dependence of J on the coupler bias, which agrees well with simulations of the full circuit Hamiltonian, as well as a semi-classical model (see Appendix B).
IV. QUBIT COHERENCE
In Figure 4 , we show how the properties of an individual qubit depend on the coupler bias. Here, we present data for Qubit B, with f A set to zero. Panels (a,b) display ∆ B versus f C . For each value of f C , we sweep f B and perform qubit spectroscopy to find the minimum qubit frequency, ω
The dependence of ∆ B on f C can be understood semi-classically as loading of the qubit inductance by the effective inductance of the coupler,
as illustrated by the dashed lines in Figures 4a,b.
In Figures 4c,d we show how the qubit energy relaxation time T 1 depends on f C . For each coupler bias point, Qubit B is biased on degeneracy (at the point of minimum qubit frequency). Error bars correspond to the standard error for fitting the decay curve at each coupler bias point to an exponential function. In addition to any dependence on the coupler bias, T 1 also fluctuates on slow timescales [32, 35] , and the grey band indicates the typical range of T 1 fluctuations when the coupler is biased away from degeneracy (see Appendix D). When the coupler is biased near degeneracy, we observe a reduction in T 1 substantially below the range of temporal fluctuations.
Finally, panels (e,f) show the dependence of the qubit dephasing times on f C , for the same bias conditions as above. Here, we report the 1 e decay times T
Ramsey 2
and T
Echo 2
for Ramsey interferometry and spin echo experiments, respectively. When the coupler is biased away from degeneracy, T
Ramsey 2
is essentially constant with respect to f C . There is some variation in T Echo 2 , which is roughly consistent with the range of values expected from the observed fluctuations in T 1 .
Interestingly, we observe a sharp reduction in the coherence times as the coupler bias approaches degeneracy, and a full recovery when the coupler is biased exactly on degeneracy. This effect can be understood as the result of the first-order sensitivity of ∆ B to the coupler bias, which is given by ∂∆ B ∂Φ C , the slope of the data in panels (a,b). By fitting the measured dependence of ∆ B on f C and assuming a 1 f α spectral density of fluctuations with α = 0.91 [36] , we see excellent agreement between our model and the coherence measurements for a flux noise amplitude of 15 µΦ 0 √ Hz, as indicated by the curves in Figure 4f . Using the same amplitude and exponent, we calculate an upper limit on qubit T 1 due to flux noise in the coupler loop, as shown in Figure 4c ,d. In Appendix D, we speculate on why the estimated flux noise amplitude is larger than previously reported values for flux qubits made with the same fabrication process [32] and the potential implications for future quantum annealing architectures designed to optimize for both coherence and coupling.
This work represents an important step toward designing quantum annealers with improved coherence. We have demonstrated tunable coupling between flux qubits with substantially lower persistent currents than existing commercial devices, thereby reducing the qubit sensitivity to flux noise in their respective loops. This approach requires an increased coupler susceptibility, which increases the qubits' sensitivity to flux noise in the coupler loop. We have examined this effect by measuring qubit coherence across the full range of coupler biases, using standard measurement techniques borrowed from the gate-based quantum computing community, which have yet to be applied to commercial quantum annealers. Looking forward, our approach can be extended to achieve larger coupling strength, symmetric bipolar coupling, andσ xσx interactions [37] , while maintaining low persistent currents. Our results provide new insights into the available design space and suggest the type of systems-level analysis that will be necessary when designing quantum annealers with improved coherence.
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Appendix B: Semi-classical model Figure 5 shows a circuit diagram for the full galvanically-coupled circuit. To simulate the energy levels of the full system, we diagonalize the circuit Hamiltonian, using similar techniques to our previous work [32] . These techniques are described in detail in a separate forthcoming publication [38] .
In this section, we explain how to map the full circuit onto a simpler and more computationally convenient semi-classical model. In this model, the individual qubits and coupler are treated quantum mechanically, but their interactions are treated as a classical mutual inductance. Using this simplified model, we derive expressions for the coupling strength J, as well as the shifts in the qubit parameters ∆ and due to interaction with the coupler.
Comparing mutually-inductive coupling to galvanic coupling
To build up the model of the coupled qubit system, we first consider a simpler system depicted in Figure 6a . Here, two loops of inductance L A,B threaded by magnetic flux Φ A,B are coupled through a mutual inductance M .
Defining the flux vector Φ, the mutual inductance matrix M , and the self-inductance matrix L as
the classical potential energy of the system is given by
where the first two terms correspond to the energies of the individual loops, and the third term represents their interaction energy. The system can be re-expressed in terms of the classical circulating currents I A,B = Φ A,B L A,B , which yields Next, we will compare this result for two mutually coupled loops to the case of two galvanically coupled loops, as depicted in Figure 6b . Here, the inductance matrix can be approximately defined as [40] 
and the potential energy is given by
Note that this is equivalent to equation (B3) after the following substitutions:
Thus, the galvanically-coupled circuits employed in this work can be approximately mapped onto simpler mutually-coupled circuits using the renormalized inductancesL andM .
Directly-coupled qubits
Now, suppose that each loop in the circuits discussed above is replaced with a flux qubit (FIG. 6c,d) described by the Hamiltonian H q ̵ h ≈ ( σ z + ∆σ x ) 2. In the persistent current basis, the eigenstates of the Pauli operator σ z , denoted ±z⟩, correspond to clockwise and counterclockwise circulating currents
whereÎ is the current operator and I p is magnitude of the qubit persistent current. The interaction term from equation (B4) can be expressed as
which takes the form H int = Jσ
z , where the coupling strength J is given by
A simple intuitive picture for this expression emerges when the qubits are biased such that ≫ ∆. In this regime, qubit energy eigenstates are approximately equal to the persistent current states ±z⟩ with energy eigenvalues ± ̵ h 2 = I p (Φ ext − Φ 0 2), where Φ ext is the external magnetic flux through the qubit loop and Φ 0 is the magnetic flux quantum. Here, theσ zσz interaction is longitudinal with respect to the energy eigenbasis. The coupling can be understood by considering the effect of the persistent current in one qubit loop on the flux through the other qubit loop. For example, Qubit A induces a statedependent offset δΦ B = ±M I 
Note that the coupling measurements reported in the main text were performed in the ∆ ≫ regime, where thê σ zσz interaction is transverse with respect to the energy eigenbasis. In this case, the coupling manifests as an avoided crossing between the 01⟩ and 10⟩ states, which are shifted from their bare energies by ± ̵ hJ. 
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Mediated coupling
As a next step in building up the semi-classical coupling model, we consider the case of two qubits coupled through a mutual inductanceM to an intermediate loop of inductance L (FIG. 7a) . Returning to the longitudinal coupling picture ( ≫ ∆), the persistent current in Qubit A will induce a state-dependent offset flux δΦ C = ±M I A p in the coupler loop, which changes the current circulating in the loop by δ⟨I C ⟩ = δΦ C L and thus induces an offset of
in the flux through Qubit B. Note that this expression takes the same form as for the directly-coupled qubits, but with the substitutionM →M 2 L ≡ M eff . Then, in analogy to equation (B11), the coupling strength is given by
Finally, we consider the case where the intermediate loop is replaced with an RF-SQUID coupler (FIG. 7b) . In the following discussion, we make the assumption that transition frequency between the coupler ground-and first-excited state is much larger than the qubit frequencies and that the coupler is always operated in its ground state. In general, the coupler ground state energy E 0 varies with applied flux f C , as illustrated in Figure 7c . For the coupler parameters considered in this work, the circulating current in the coupler loop is approximately equal to the slope of coupler energy with respect to flux, Figure 7d , where we compare this quantity with the expectation value of the current operator ⟨g Î g⟩ for the coupler ground sate g⟩.
We then define the "quantum inductance" for the coupler (as in References [28, 41, 42] and in analogy to the "quantum capacitance" described in the charge qubit [41, 43, 44] and semi-conducting qubit [45] [46] [47] [48] [49] [50] 
Note that unlike a physical inductance, this quantum inductance can take both positive and negative values. Following the same logic as above, we can now express the coupling strength as
Given a set of qubit and coupler parameters, it is straightforward to calculate J using equation (B16). We determine L eff by numerically diagonalizing the coupler Hamiltonian to solve for its ground state energy E 0 as a function of Φ C . We separately determine I p by numerically solving for the energy eigenstates ψ j ⟩ of the qubit Hamiltonian, from which we calculate the matrix elements of the current operator, ⟨ψ j Î ψ k ⟩, expressed in the energy eigenbasis. When the qubit is biased on degeneracy ( = 0), the I p is given by the off-diagonal matrix elements.
Note that equation (B16) is the same expression for coupling strength used by D-Wave in references [26, 28] , with the coupler susceptibility χ defined as the inverse of the effective inductance. However, their approach differs in that instead of diagnolizing the coupler Hamiltonian to solve for χ, D-Wave chooses to approximate χ as the first-order (linear) susceptibility, which can be expressed using a simple analytic formula. This approach works sufficiently well for the coupler parameters of existing DWave devices, but the linear approximation breaks down for larger coupler susceptibilities and coupling strengths, as discussed in reference [18] .
Qubit flux offset due to coupler
The semi-classical model can also explain the shifts in qubit parameters due to their interaction with the coupler. For concreteness and to follow the presentation of the main text, we will focus on Qubit B. First, we consider the effect of the coupler on the qubit flux bias. This effect explains the dependence of the qubit frequency on the coupler bias shown in Figure 2c .
As shown in Figure 7d , the circulating current in the coupler loop ⟨I C ⟩ varies with the coupler bias Φ C . This circulating current couples into the qubit loop through the mutual inductance M , and therefore threads a flux
through the qubit loop. For a flux qubit described by the Hamiltonian H q ̵ h ≈ ( σ z + ∆σ x ) 2, this flux offset corresponds to a shift in of
Inductive loading model
The coupler also affects the value of ∆, the qubit frequency when biased at its degeneracy point, as shown for Qubit B in Figure 4a ,b. This effect can be modeled semiclassically as inductive loading of the qubit inductance by the effective inductance of the coupler.
A circuit schematic for the inductive loading model is shown in Figure 8 [51] . Here, we consider the impedance looking out from the Josephson junction, to calculate loaded qubit inductance
Note that this expression for the loaded inductance is the same as the renormalized inductance derived in equation (B8). To calculate the semi-classical theory curves for ∆ B versus f C (FIG. 4a,b) , we first simulate the coupler to determine L eff (f C ) (FIG. 7d) . Then, for each value of f C , we determine ∆ B by simulating the qubit energy levels using L loaded B
for the qubit loop inductance.
Appendix C: Variations of T1 in time
In addition to any systematic dependence of T 1 on the qubit and coupler biases, we also observe T 1 variations in time. These variations are possibly related to quasiparticle fluctuations, as described in reference [35] . Although T 1 fluctuations are not a primary focus of this work, they affect the interpretation of the data shown in Figure 4c ,d. In Figure 9 we show the results of repeated T 1 measurements for Qubit B, with the coupler biased away from degeneracy. The range of observed T 1 values over the 14 hour measurement time is represented as a grey band in Figure 4c . In this work, as in reference [32] , we choose to characterize noise by the symmetric power spectral density (PSD)
whereλ is an operator representing a fluctuating parameter λ. The two dominant noise mechanisms for the coupled qubit system presented here are flux noise in the qubit loop and the coupler loop, λ i = Φ B , Φ C . For 1 flike noise, the noise amplitude A λ is given by [52] 
where γ ∼ 1.
2. Energy relaxation due to 1 f γ -flux noise
We have analyzed the data for T 1 of our qubit-coupler system using the Fermi's golden rule model presented in reference [32] ,
where the sum is taken over decay mechanisms, S λ (ω) is the power spectral density of the noise responsible for each decay mechanism, and the operatorD λ is the transition dipole moment which couples our system to each noise source. For the coupled system considered here, T 1 can be decomposed into contributions from the qubit, T 
The qubit contribution dominates away from coupler degeneracy, and both processes contribute when the system is biased near coupler degeneracy. In our analysis, we assume that the coupler is flux noise limited on its degeneracy, and its decay rate is thus given by
where g⟩ and e⟩ are the ground and first excited state of the coupled system
The quantum operatorsĤ C andÎ C (Ĥ Q andÎ Q ) are the Hamiltonian and loop current operator of the bare coupler (qubit) respectively, and the exact value of the matrix element ⟨e Î C g⟩ can thus be calculated from the device parameters listed in Section A and the full quantum model of the bare qubit and coupler. As described in Section E, the amplitude and exponent of the flux noise power spectral density in our coupler loop are then chosen to fit the measured values of T 1 , T 
First order sensitivity to flux noise
The sensitivity κ λ of the qubit freqency to a parameter λ determines the effect of fluctuations in λ on qubit dephasing. In the two-level approximation of the flux qubit, the qubit transition frequency is given by ω 01 ≈ √ 2 + ∆ 2 , and, to first order,
where κ ,λ ≡ ∂ ∂λ and κ ∆,λ ≡ ∂∆ ∂λ.
In the measurements presented in Figure 4 , we characterized the coherence of Qubit B when biased near its degeneracy point ( B = 0). At this bias point, κ B ,Φ B and κ B ,Φ C are zero. Since ∆ B depends only weakly on Φ B , the dominant first-order noise mechanism is κ ∆ B ,Φ C , the sensitivity of ∆ B to the coupler flux. Here, we consider the effect of 1 f -like flux noise, as defined in equation (D2), on qubit coherence. In general, this type of noise causes phase decay of the form exp[−χ N (t)], where [53] 
where τ is the free evolution time and g N is a filter function which depends on the qubit pulse sequence. For the Ramsey (N = 0) and a Hanh echo sequences (N = 1) considered in this work,
Substituting equation (D2) into equation (D8) and making the additional substitution ωτ → z gives
where we have assumed that the fluctuations in each parameter λ share a common noise exponent γ.
We define the 1 e dephasing rates Γ N,λ , for each dephasing channel as
where the numerical factors η 0 , η 1 depend on the noise exponent γ and the Ramsey and echo filter functions and are defined as
As discussed in [53] , for the case of γ = 1, these factors are given by
where ω low is the lower cutoff frequency set by the total time of all experimental iterations and t is the typical free evolution time during a single experimental iteration. Note that η 1 is completely independent of the cutoff frequency, thus avoiding any ambiguity in choosing ω low and t when analyzing echo experiments, while η 0 varies only weakly with ω low t for realistic measurement settings. For γ ≠ 1, we determine the numerical factors through numerical integration of equation (D13), as discussed in reference [54] . For the Ramsey sequence, and for the Echo sequence, Figure S4a shows √ η 0,1 as a function of γ for ω low 2π = 3 mHz and τ = 200 ns.
Estimating the flux noise amplitude in the coupler loop
We now combine the results of the previous sections with our qubit coherence measurements to estimate the flux noise amplitude and exponent in the coupler loop. We first consider the Ramsey and Echo results presented in Figure 4e ,f. We define the total 1 e decay rates for Ramsey and Echo experiments as Γ 0 ≡ 1 T , respectively. We separate the decay rates into two contributions: Γ N,Φ C due to flux noise in the coupler loop and Γ N,other , which includes the effect of T 1 as well as any additional dephasing.
When the coupler is biased far from degeneracy, Γ N,Φ C is negligible, and thus Γ N = Γ N,other . For simplicity, we model Γ N,other as exponential decay [55] . For arbitrary coupler bias, the total phase decay takes the form 
Finally, from equation D12 the spectral density of flux noise in the coupler is given by
where κ Φ C ≈ κ ∆ B ,Φ C is experimentally determined from the slope of ∆ B vs Φ C (FIG. 4a,b) .
In Figure 10b we plot the value of A Φ C that fits best to our Ramsey and Echo measurements using equation D20, and to our T 1 measurements using equation D5, for different values of γ. Although we are unable to choose values of A Φ C and γ that fit perfectly with all three measurements, they are roughly bounded within the triangular region between the three curves in Figure 10b This estimate for the flux noise in the coupler loop is substantially larger than the value previously reported for flux qubits made with the same fabrication process, where we measured a flux noise amplitude of 1.4 µΦ 0
√
Hz [32] . The most significant difference between the coupler loop and the low-noise qubit loops is the loop size; the coupler loop is 20 times larger in area. Therefore, these results motivate future efforts to study the dependence of flux noise on loop size beyond the scope of this work and previous efforts [56] . Such measurements would help to inform architectural choices for optimizing coherence and coupling in next-generation quantum annealers. coupler is nominally biased to provide zero coupling (f C = 0.402). As illustrated in Figure 11 , we observe no avoided crossing in spectroscopy, allowing us to bound any nonzero residual coupling to < 220 kHz, a limit determined by the resolution in f A set by our bias current source. For each value of f A , the frequency of Qubit A is determined by fitting the spectroscopy trace to a Gaussian function. Qubit B is biased on degeneracy, and its frequency is precisely determined through Ramsey spectroscopy.
